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Abstract Placentas associated with preeclampsia are characterized by extensive apoptosis in trophoblast lineages. Syncytin-1 (heRVWe1) mediates the fusion of cytotrophoblasts to form syncytiotrophoblasts, which assume the placental barrier, fetal-maternal exchange and endocrine functions. While decreased syncytin-1 expression has been observed in preeclamptic placentas, it is not clear if this alteration is involved in trophoblast apoptosis. In the current study, we found that siRNa-mediated knockdown of syncytin-1 led to apoptosis in choriocarcinoma BeWo, a cell line of trophoblastic origin. Characterization of the apoptotic pathways indicated that this effect does not rely on the activation of caspases. Rather, decreased syncytin-1 levels activated the apoptosis inducing factor (aIF) apoptotic pathway by inducing the expression, cleavage,
Introduction
Preeclampsia is the significant cause of pregnancy-related mortality and morbidity, occurring in 3-5 % of pregnancies [1] . the diagnostic criteria of preeclampsia include hypertension and proteinuria after the 20th week of gestation [2] . Currently, treatment of preeclampsia is limited to symptom control and/or early termination of pregnancy in cases of severe manifestations. Intrauterine growth retardation (IUGR) is another major disorder which is associated with 5-10 % of pregnancies. Preeclampsia and IUGR overlap in some patients (28.6 % of preeclamptic patients have IUGR, and 5.6 % of patients with IUGR have preeclampsia), and appear to share some common etiological backgrounds, such as maternal age, familial aggregations, and immature vasculature of the spiral arteries [3] . the precise pathological mechanism(s) of preeclampsia and IUGR is not yet fully understood. the insufficient knowledge is partially blamed for the slow progress in the development of effective prevention and treatment modalities for preeclampsia and IUGR.
While it is debatable whether preeclampsia could be defined as a "placental disease", the intimate involvement of structural and functional alterations of placenta in the pathogenesis of preeclampsia has been well recognized [4] . Clinical investigation has shown that preterm placentas from patients with preeclampsia and IUGR are significantly smaller than those from normal pregnancies [5] . Inflammatory responses as evidenced by the infiltration of macrophages and natural killer cells are observed in preeclamptic placentas [6] . these cells release cytokines, macrophage colony stimulating factor, and tumor necrosis factor-α [7] , which may further augment the inflammatory reactions. Significant alterations in placental endocrine activity were also implicated in the development of preeclampsia [8] .
Notably, one of the significant observations frequently seen in preeclamptic placenta is the increased apoptosis in trophoblast lineages. these changes, as well as the ensuing secondary reactions, are considered key cellular events for the development of preeclampsia [9] [10] [11] . Syncytium, formed by a continuous layer of syncytiotrophoblasts, constitutes the placental barrier [12] . Syncytiotrophoblasts also carry out the fetal-maternal exchange and endocrine functions that are critical for the maintenance of normal pregnancy [13] . Syncytial debris is normally detected in the maternal circulation, indicating that continual shedding and replacement of syncytium is a part of normal placental physiology [14] . Preeclamptic placentas are associated with increased trophoblast deportation as well as higher levels of placental nucleic acids (DNa, RNa) in maternal serum, which reflect the increased trophoblast apoptosis as directly detected by tUNeL staining of preeclamptic placentas [15, 16] . It is thought that the increased deportation of syncytiotrophoblast in preeclampsia may lead to an increased release of human chorionic gonadotropin (hCG) and the rise of hCG levels in maternal circulation [17, 18] . Microscopic observation found that the syncytium of preeclamptic placentas is thin, vacuolated, and discontinued [19] . Moreover, Langbein et al. [20] have shown that trophoblasts isolated from preeclamptic placentas underwent active apoptosis and displayed defects in cell fusion function. Breaching of the placental barrier caused by excessive apoptosis may lead to leakage of fetal antigens into the maternal circulation, thereby activating the immune and inflammatory responses.
the fusogenic function of syncytin-1 in trophoblast differentiation has been well characterized. By binding to its membrane receptor aSCt2, syncytin-1 meditates the fusion of cytotrophoblasts to form syncytiotrophoblasts [21] . Reduced syncytin-1 expression is often found in preeclamptic placentas [22] . Moreover, in vitro studies have shown that hypoxic conditions correlate with downregulation of syncytin-1 expression in placental trophoblasts [23] . Based on these observations, the decreased levels of syncytin-1 and consequent cell fusion defects are thought to be responsible for syncytium deficiency [20] . however, recent studies suggest that syncytin-1 may also carry out nonfusogenic functions, including those involving anti-apoptotic mechanisms [24] [25] [26] . For example, Knerr et al. [24, 25] reported that ectopic overexpression of syncytin-1 in the Chinese hamster ovarian cancer cell line, ChO, resulted in increased resistance to cell death triggered by apoptosisinducing reagents. It remains unclear if the downregulation of endogenous syncytin-1 could contribute to syncytium deficiency through a nonfusogenic pathway in placental villous trophoblasts, in which syncytin-1 is specifically expressed.
Programmed cell death can be mediated by either caspase-dependent or caspase-independent apoptosis inducing factor (aIF)-mediated pathways. First identified in hepatocytes, aIF is a dual function flavoprotein with both NaDh/ NaDPh oxidase and apoptotic activities [27] . Upon cleavage by the cysteine protease, calpain1, aIF is released from the mitochondrial inner membranes and translocated into nuclei. Within the nucleus, aIF binds to genomic DNa, leading to DNa degradation and cell apoptosis by an unidentified mechanism [28] . Increased aIF expression and the consequent augmentation of apoptotic activities have been observed in neurologic recessive diseases. aIFmediated apoptosis is also thought to play a critical role in autophagy during neurologic maturation and remodeling [29, 30] . Interestingly, a recent report seemed to suggest a potential involvement of aIF in trophoblast function and placental development. Riddell et al. [31] observed that aIF is expressed in trophoblast lineages. caMP was able to induce a low level of aIF nuclear translocation, but the process did not affect trophoblast differentiation. the potential role of aIF for trophoblast cell death, however, has not been investigated. In the current study, we apply in vitro cell culture and patient placental specimens to determine whether the syncytin-1 downregulation, which has been known to be associated with preeclampsia and hypoxic conditions, could induce BeWo cell apoptosis, and how the caspase and/or calpain1-aIF pathways may be involved in this important cellular process.
Materials and methods

Collection of placental tissues
Placental tissues were collected from patients with severely preeclampsia (n = 8) and normal pregnancies (n = 8), respectively, at the Department of Obstetrics and Gynecology, Mayo Clinic, Rochester, Minnesota, USa. the term placentas were used as study subjects with the patients' consent as well as approval by the Institutional Review Board (IRB). Preeclampsia was diagnosed following the guidelines recommended by the american College of Obstetricians and Gynecologist (http://themedical-dictionary.com/eclampsia_article_5.htm). Normal placentas were obtained from pregnancies without maternal complications or fetal abnormalities, and 2 cm 3 of placental specimens were dissected from the central part of the maternal side of the placentas. the placental tissues were washed with cold PBS, and cut into two parts. One-half of the tissue was snap frozen in liquid nitrogen and stored at −70 °C for RNa isolation. the remaining half was fixed with 4 % paraformaldehyde and paraffin-embedded. Serial sections of 4 μm thickness were prepared for immunohistochemistry analysis.
Cell culture and siRNa transfection BeWo cells were obtained from the american type Culture Collection (atCC, Manassas, Va, USa) and maintained at 37 °C and 5 % CO 2 in the RPMI 1640 medium (thermal Scientific, Logan, Ut, USa) supplemented with fetal bovine serum (10 %), streptomycin (100 μg/ml), and penicillin (100 μg/ml).
Four syncytin-1-specific siRNas and one control siRNa were designed and synthesized by Qiagen (Valencia, Ca, USa). the sequences of siRNas are shown in table S1. Cells were seeded at low density and transfected at 40-50 % confluence with the DharmaFeCt 1 transfection reagents (thermal Scientific, Lafayette, CO, USa) in serum-free RPMI 1640 medium. Following exposure to transfection reagents for 6 h, the serum-free medium was replaced by regular medium. mRNa,and protein levels of target genes were determined and compared at different post-transfection time points.
RNa isolation and real-time PCR total RNa was isolated from BeWo cells and placental tissues using the RNeasy Plus Mini Kit and RNeasy Mini Kit (Qiagen, Valencia, Ca, USa), respectively. Reverse transcription was performed with high Capacity RNa-tocDNa Kit (aBI, Foster City, Ca, USa) using 1 μg RNa in 20 μl of volume. the cDNa was diluted to 100 μl for realtime PCR. Primer sequences and the sizes of amplicons for syncytin-1, aIF, calpain1, and glyceraldehyde phosphate dehydrogenase (GaPDh) are summarized in table S2. Real-time PCR was carried out in 12 μl reactions, each containing 6 μl of 2× SYBR Green PCR Master Mix (aBI), 1 μl of forward primer, 1 μl of backward primer, 3 μl of DePC h 2 O, and 1 μl of diluted cDNa templates. Following the initial denaturation at 95 °C for 10 min, 40 cycles of amplification were performed using the following conditions: denaturation at 95 °C for 30 s, annealing and extension at 60 °C for 1 min. the threshold cycles were determined in triplicate with the use of aBI 7900 Real time PCR System. to ensure the accuracy of real-time results, the final products from real-time PCR was examined in agarose gel electrophoresis. the single DNa band at expected size indicated the achievement of high specificity and, therefore, an acceptable data reliability (Fig. S1 ).
Western blot analysis
Proteins were isolated from BeWo cells using RIPa buffer (Boston BioProducts, Boston, Ma, USa) which was supplemented with halt™ Protease Inhibitor Cocktail (thermal Scientific, Rockford, IL, USa) and 1 % PMSF. Protein concentrations were measured with the use of Bradford assay. amounts of 20 μg of cell lysates were resolved in 8 % (for aIF, syncytin-1, calpain1) or 12 % (caspase 3, 8, 9, and β-actin) polyacrylamide SDS gels and transferred to polyvinylidene fluoride membranes using the transfer buffer (Boston BioProducts). Membranes were probed with the primary antibodies against human syncytin-1 (rabbit 1:800) (Genetex, Irvine, Ca, USa), aIF (rabbit 1:800) (epitomics, Burlingame, Ca, USa), calpain1 (rabbit 1:500) (epitomics), caspase 3 (rabbit 1:1,000) (Cell Signaling, Boston, Ma, USa), caspase 8 (mouse 1:1,000) (Cell Signaling), caspase 9 (rabbit 1:1,000) (Cell Signaling), β-actin (mouse 1:3,000) (Sigma-aldrich, St. Louis, MO, USa), and the matching secondary antibody (peroxidase-labeled 1 3
anti-mouse IgG or anti-rabbit IgG; 1:4,000) (Santa Cruz Biotechnology, Santa Cruz, Ca, USa). Super Signal Western Femto Maximum Sensitivity Substrate (thermal Scientific, Rockford, IL, USa) was used to enhance the detection sensitivity and densitometry analyses were performed following previously described procedures [32] .
Immunohistochemistry
Serial sections of 4 μm thickness were prepared from fixed and paraffin-embedded placental tissue blocks. these sections were used in immunohistochemistry and tUNeL assays. For de-paraffinization and rehydration, the tissue sections were sequentially treated with xylene (5 min × 2), 100 % ethanol (3 min × 2), 95 % ethanol (3 min × 2), 80 % ethanol (3 min × 1), 70 % ethanol (3 min × 1), and distilled water (3 min × 2). For antigen retrieval, the slides were immersed in 10 mM citrate buffer (ph 6.0) and heated to 95 °C for 15 min in a water bath. the slides were cooled to room temperature for 30 min. endogenous peroxidase activity was quenched with 3 % hydrogen peroxide. after incubation in blocking solution (1 % gelatin) at room temperature for 1 h, the sections were incubated overnight with rabbit antibodies against syncytin-1 (1:100), aIF (1:150), or calpain1 (1:300), respectively. Biotinylated sheep IgG raised against rabbit IgG (1:400) (Vector Laboratories, Burlingame, Ca, USa) was applied as secondary antibody. Following each incubation with primary or secondary antibodies, the slides were washed with PBS containing 0.1 % tween-20. Color development was carried out with the use of VeCtaStaIN elite aBC Kits (Vector Laboratories) and diaminobenzidine tetrahydrochloride (DaB) (Sigmaaldrich) following the manufacturer's instructions.
BeWo cells were seeded on the Lab-tek II Chamber Slide (thermal Scientific, Rochester, NY, USa). at 72 h post-transfection with syncytin-1 siRNa, cells were fixed with 4 % paraformaldehyde (Boston BioProducts). aIF and calpain1 immunostaining was performed using the same procedures as for tissue sections. tUNeL assay tUNeL apoptosis Detection Kit (Millipore, Billerica, Ma, USa) was used to detect apoptotic cells in placental tissue sections. Following de-paraffinization and rehydration, the slides were examined using the protocols recommended by the manufacturer. For apoptosis analysis in BeWo cell cultures, following transfection with the syncytin-1 siRNa, the cells were fixed and examined using the same procedures as those applied for placental tissue sections. apoptotic cells and total cells were counted in ten randomly chosen microscopic fields, and the percentage of apoptotic cells was calculated and compared between the experimental and control groups.
Statistical methods and data presentation
Statistical analysis was performed with the use of SPSS 13.0 statistical package (SPSS, Chicago, IL, USa). the mRNa levels of syncytin-1, calpain1 and aIF were standardized by those of the correspondent GaPDh internal reference before calculation of their changes in the experimental groups over the control groups. Student's t test was applied to compare between syncytin-1 siRNa knockdown and control groups. Student's t test was also used to compare the mRNa levels between the preeclamptic and normal placentas. the relationship between the mRNa levels of aIF/calpain1 and syncytin-1 was determined by Spearman rank correlation analysis with reports on the correlation coefficient and P values. Statistical significance was set at the level of P ≤ 0.05. Quantitative data are presented in the histogram figures as the average folds relative to their correspondent controls. Standard error bars and statistical significance are presented in the figures.
Results
establishment of syncytin-1 knockdown assay
BeWo is a choriocarcinoma cell line that maintains several morphological and functional features characteristic of placental trophoblasts. expressing human chorionic gonadotropin (hCG) and human chorionic somatomammotropin (hCS), as well as receptors for estrogen [33] and progesterone [26] , these cells have been frequently used as an in vitro model for studying placental gene regulation and trophoblast cell differentiation. Syncytin-1 expression in this cell line has been confirmed, and a small percentage of cells (less than 5 %) constantly undergo cell fusion [34] . In this study, we used BeWo cells as a study model for initial characterization of syncytin-1 function. Four candidate syncytin-1 siRNas were synthesized and tested to identify the most effective siRNa species for syncytin-1 knockdown. Following cell transfection, syncytin-1 mRNa levels were examined by real-time PCR at 48 h post-transfection. When a final concentration of 100 nM was applied, only syncytin-1 siRNa1 was able to significantly reduce the syncytin-1 mRNa level (Fig. S2) . Using this siRNa, we subsequently performed a time course study and observed syncytin-1 mRNa levels to be decreased starting at 24 h post-transfection, and reaching the lowest levels (approximately 10 % of the controls) at 36 h post-transfection (Fig. 1a) . Following the 36 h time-point, syncytin-1 mRNa levels gradually increased, but remained significantly lower than controls even at 96 h post-transfection. the syncytin-1 knockdown of protein levels was determined by Western blot analysis (Fig. 1b) , in which the unglycosylated 53-kDa syncytin-1 was detected. Decreased syncytin-1 protein expression was readily detected at 48 h post-transfection, and lower levels were observed at 60, 72, and 84 h. these results established the efficacy of siRNa-mediated syncytin-1 knockdown in BeWo cells.
Decreased levels of syncytin-1 were accompanied by cell apoptosis During syncytin-1 knockdown, BeWo cell culture was closely monitored under phase contrast microscope. While no significant morphological alteration was observed following the knockdown of syncytin-1, siRNa1-transfected cultures appeared to contain more floating cells and cell debris than did the culture transfected with control siRNa, suggesting the presence of cell apoptosis. Consequently, tUNeL staining was performed and the number of apoptotic cells were counted and compared. Fourfold more tUNeL-positive cells were found in the syncytin-1 knockdown culture than the control group ( Fig. 2; 15.9 ± 1.4 vs. 4.3 ± 0.5 %, P < 0.01). experiments with varied syncytin-1 siRNa1 concentrations and post-transfection time indicated cohesive time-and dose-dependent responses by BeWo cells to decreased endogenous syncytin-1 levels (supplemental data, Figs. S3, S4). In addition to the brown-colored staining, many tUNeL-positive cells exhibited other features characteristic of apoptosis, including condensed and occasionally disintegrated nuclei (Fig. 2) , as well as large vacuoles in the cytoplasm under phase-contrast microscope (data not shown).
apoptosis caused by decreased levels of syncytin-1 is independent of the caspase pathway Caspase activation has been well recognized for its critical role in the cell death process. Previous immunohistochemistry analysis of preeclamptic placentas showed an increase of tUNeL-positivity in the trophoblastic lineage. this alteration coincided with an elevated caspase 3 expression, pointing to the involvement of caspase-mediated cell death in preeclamptic placentas [35] [36] [37] [38] . another study demonstrated that, when treated with nimbolide, BeWo cells underwent apoptosis through initiation of the caspase and syncytin-1 knockdown groups (SsiRNA1). a significant increase in apoptotic cells was observed in the syncytin-1 knockdown group compared to the control group (**P < 0.01). Note the condensed and disintegrated nuclei in some cells following syncytin-1 knockdown pathway [39] . Consequently, we performed Western blotting on caspases 8, 9, and 3 to assess the involvement of both intrinsic and extrinsic apoptotic pathways. to our surprise, following syncytin-1 knockdown, no change in either the cleavage or the expression of caspases was found at any time point examined (Fig. 3) . these results suggest that the syncytin-1 knockdown-triggered apoptosis is independent of the classic caspase pathway.
Syncytin-1 knockdown activates aIF through increased aIF cleavage and upregulation of aIF expression Since syncytin-1 knockdown-triggered BeWo cell apoptosis could not be explained by caspase activation, we searched for other apoptotic pathways that could potentially be involved. aIF is a dual function flavoprotein involved in mitochondrial respiratory function [40] . Its cleavage by calpain1, releasing from the inner membrane of mitochondria to the cytoplasm and subsequent translocation into nuclei, was reported to lead to chromatin condensation and DNa degradation in non-trophoblast cells [28] . therefore, we examined aIF cleavage and its involvement in trophoblast apoptosis triggered by syncytin-1 knockdown. Results from Western blot analysis confirmed the expression of aIF in BeWo cells (Fig. 4a, top panel) . Importantly, the same experiments also indicated that upon syncytin-1 knockdown, aIF cleavage is significantly increased at 48-84 h post-transfection time points compared to the control groups (Fig. 4a, mid-panel) . Real-time PCR results showed that aIF mRNa levels were elevated in the same time window (Fig. 4b) . Moreover, immunostaining using aIF antibody demonstrated aIF nuclear translocation in many cells at 72 h post-transfection following syncytin-1 knockdown (Fig. 4c, d) . Counting of aIF-positive cells with visible aIF nuclear translocation showed an increased aIF positivity in syncytin-1 knockdown cells. a close inspection of the aIFpositive cells also led to the realization that aIF staining often concentrates in the nucleus, an observation consistent with the reported aIF-binding to genomic DNa as a key step for DNa degradation and cell death [28] . these findings, together with the increased cell apoptosis observed at the same time points, strongly suggested the involvement of aIF cleavage and nuclear translocation in the apoptosis triggered by syncytin-1 knockdown.
One intriguing observation is the increase in both uncleaved and cleaved aIF from 48-84 h post-transfection. thus, syncytin-1 knockdown may upregulate aIF through promotion of aIF gene transcription and/or the enhancement of aIF mRNa stability. the exact mechanism responsible for aIF upregulation is unclear at this time. Nevertheless, our results indicated that aIF activation by syncytin-1 knockdown is accomplished by aIF upregulation, increased cleavage, and increased nuclear translocation. aIF cleavage is accompanied by calpain1 activation to investigate the mechanism involved in the increased aIF cleavage following syncytin-1 knockdown, we assessed changes in calpain1, the protease implicated in aIF cleavage in previous studies [41] . as shown in Fig. 5a , syncytin-1 knockdown caused an increase of calpain1 protein levels from 48 to 84 h post-transfection, the same time window for increased aIF cleavage (Fig. 4a) . We subsequently measured calpain1 mRNa levels, which were also elevated at 48-84 h post-transfection. thus, as demonstrated in Fig. 5b , syncytin-1 knockdown, through upregulation of calpain1 steady-state mRNa levels, was able to induce calpain1 protein expression, leading to increased aIF cleavage and nuclear translocation (Fig. 9 , for pathway illustration).
Calpain1 inhibitor, but not caspase inhibitor, specifically reversed the syncytin-1 knockdown-induced aIF cleavage, nuclear translocation, and cell apoptosis to verify the role(s) of calpain1 and caspases in the cell apoptosis caused by syncytin-1 knockdown, we took advantage of the calpain1-specific inhibitor, MDL28170, and a pan caspase inhibitor, Z-VaD-fmk. BeWo cells were transfected with syncytin-1 siRNa1, and at 24 h post-transfection were treated with MDL28170 or Z-VaD-fmk for (Fig. 3) , treatment with caspase inhibitor did not affect the cell apoptosis induced by syncytin-1 knockdown. In contrast, treatment with calpain1 inhibitor effectively reversed cell apoptosis to the baseline level of around 2.5 % (Fig. 6a,  b) . aIF immunostaining of BeWo cells showed that aIF nuclear translocation was also reversed by calpain1 inhibitor, but not by capase inhibitor (Fig. 6c, d) . these results confirmed the insignificance of the caspase pathway, and underscore the role of calpain1 in aIF-mediated cell apoptosis triggered by syncytin-1 knockdown.
to further delineate the mechanism underlying the distinct effects of caspase and calpain1 inhibitors, we examined the changes at the mRNa and protein levels of both β-actin was detected in the same blot as protein loading controls. b Calpain1 mRNa levels were determined by real-time PCR. at 48, 60, 72, and 84 h post-transfection, significantly increased calpain1 mRNa levels were found in the syncytin-1 knockdown (SsiRNA1) groups compared to the correspondent control (Ctl siRNA) groups (**P < 0.01, *P < 0.05) ◂ calpain1 and aIF following syncytin-1 knockdown and drug treatment at 72 h post-transfection. treatment with caspase inhibitor did not significantly alter calpain1 or aIF expression on either mRNa or protein levels, again indicating the insignificance of the caspase pathway in syncytin-1 knockdown-induced apoptosis. On the other hand, treatment with the calpain1 inhibitor MDL28170 led to a series of molecular alterations associated with the syncytin-1 knockdown-triggered apoptotic events. First, cell treatment with calpain1 inhibitor resulted in a significant decrease Increased aIF protein and aIF nuclear translocation (dark brown) were detected and defined as aIF-positive (arrows). d Compared to the solvent control, caspase inhibitor (Z-VaD-fmk) did not affect the aIF positivity. Calpain1 inhibitor (MDL28170) significantly reversed the aIF positivity (**P < 0.01). e Western blot analysis. Left panel post-transfection treatment with caspase inhibitor or calpain1 inhibitor did not affect the caspase 3 cleavage pattern, middle panel treatment with calpain1 inhibitor, but not caspase inhibitor, significantly decreased the calpain1 protein level, right panel treatment with caspase inhibitor did not affect the expression level or cleavage of aIF. treatment with calpain1 inhibitor did not change the aIF protein level, but inhibited the aIF cleavage. f, g Results of real-time PCR showed that treatment with caspase or calpain1 inhibitor did not change calpain1 and aIF mRNa levels in calpain1 protein levels (Fig. 6e) but did not affect calpain1 mRNa levels (Fig. 6f) . Indeed, it was reported that MDL28170 binds to calpain1 and destabilizes the protein [42] . Second, treatment with the calpain1 inhibitor resulted in a reduction of aIF cleavage (Fig. 6e) . this result provided a mechanistic explanation for its reversal of the syncytin-1 knockdown-induced apoptosis (Fig. 6a, b) . third, results of real-time PCR showed that the calpain1 inhibitor did not affect aIF mRNa levels (Fig. 6g) . therefore, the increased aIF mRNa levels following syncytin-1 knockdown was unlikely related to calpain1, but possibly due to an alternative, unidentified regulatory mechanism. In spite of this uncertainty, these experiments clearly demonstrate the specific role of calpain1 in aIF cleavage triggered by syncytin-1 knockdown. thus, as illustrated in Fig. 9 , syncytin-1 knockdown appears to elicit cell apoptosis through two actions: one involving upregulation of calpain1 expression, which may lead to increased aIF cleavage; the other involving upregulation of aIF expression levels, as evidenced by increased aIF mRNa levels as well as total aIF protein expression.
Increased trophoblast apoptosis and altered expression levels of syncytin-1, calpain1, and aIF in preeclamptic placentas One important pathologic change in placentas associated with preeclampsia is the massive apoptosis [20, 43] and decreased syncytin-1 expression in the trophoblast lineage [22] . these previous observations, together with the current findings from in vitro experiments, raise the question of whether the aIFmediated apoptotic pathway is activated in preeclamptic placentas. to seek an answer to this question, we examined clinical specimens for aIF mRNa/protein levels.
Real-time PCR results confirmed the previously reported lower levels of syncytin-1 mRNa levels in preeclamptic than in normal placentas (Fig. 7a) . Importantly, we found that, despite the relatively large variations among individual samples, average mRNa levels of calpain1 and aIF are significantly higher in preeclamptic placentas compared to normal controls (Fig. 7b, c) . Moreover, regression analysis among individual normal and preeclamptic placental samples indicated that decreased mRNa levels of syncytin-1 were inversely correlated with increased mRNa levels of aIF and calpain1, respectively (Fig. 7d, e) . these results are in agreement with those from BeWo cells and revealed concomitant changes among syncytin-1, aIF and calpain1 mRNa levels in patients' samples.
to examine the changes in cell apoptosis as well as the protein expression alterations of syncytin-1, calpain1, and aIF in vivo, tUNeL and immunohistochemistry were performed in tissue sections of preeclamptic placentas. Consistent with previous reports, decreased levels of syncytin-1 protein and increased apoptotic trophoblasts were observed in preeclamptic placentas (Fig. 8a ) compared to placentas from normal pregnancies (Fig. 8b) . Moreover, increased Fig. 7 Quantitative analysis of syncytin-1, aIF and calpain1 mRNa levels in placental tissues. a-c Syncytin-1, aIF, and calpain1 mRNa levels were measured with real-time PCR. Compared to the levels in placentas from normal pregnancies (Normal), syncytin-1 mRNa was significantly decreased, whereas aIF and calpain1 mRNa levels were significantly increased (*P < 0.05), in the preeclamptic placentas (PE). Regression analysis of individual normal and preeclamptic placentas indicated that syncytin-1 mRNa levels were inversely correlated to those of the aIF (d) or calpain1 (e) levels of aIF expression, aIF nuclear translocation, and calpain1 were found in preeclamptic placentas compared to control placentas. Counting of tUNeL-positive and aIF nuclear translocation-positive trophoblasts indicated higher levels of cell apoptosis (Fig. 8c ) and aIF expression (Fig. 8d ) in preeclamptic placentas than in normal controls. these data from clinical samples corroborated the in vitro findings from the syncytin-1 knockdown experiments (Figs. 4, 5) , and validated a close relationship among the decreased syncytin-1 levels, upregulated calpain1 and aIF expression, and increased trophoblast apoptosis under the preeclamptic condition.
Discussion
Under normal physiological conditions, syncytin-1 expression is restricted to the placental trophoblast lineage, and its levels continue to rise along the progression of pregnancy [44] . Recent studies suggest that, in non-trophoblastic cells, syncytin-1 may have anti-apoptotic activity. Knerr et al. [24] observed that in ChO-52, a Chinese hamster ovarian cancer cell line, ectopic overexpression of syncytin-1 protected cells from apoptosis induced by staurosporine, and increased caspase 3 cleavage was observed following staurosporine induction. the same group also reported that syncytin-1 was able to inhibit the BCL-XL-mediated apoptosis induced by actinomycin a [25] . While these studies pointed to the nonfusogenic function of syncytin-1, syncytin-1 involvement in the apoptosis of placental trophoblasts, where it is normally expressed, remains unclear. Findings from the current study have provided the first evidence that a sufficient level of syncytin-1 expression is required for trophoblast survival. Further analysis indicated that this protective effect was independent of caspase activation. Rather, it was specifically mediated by the calpain1-aIF pathway. Subsequent observations in the preeclamptic placentas provided support for the clinical relevance of these in vitro findings.
aIF-mediated apoptosis has been implicated in autophagy, tissue remodeling [29, 45] , hypoxia-induced cell death, and embryo development [46, 47] . It should be pointed out that our results, while underscoring the significance of aIF activation in the syncytin-1 downregulation-triggered apoptosis, do not reject a potential role of the classic caspase pathway for syncytium deficiency. Preeclampsia is a complicated syndrome related to divergent factors including genetic background, malnutrition, and aberrant maternal immune responses against the semiallergenic fetus [48] . Indeed, immunohistochemistry analysis showed that preeclamptic placentas contain more apoptotic cells than aIF-positive cells (Fig. 7f, g; 15. 2 ± 2.4 vs. 9.0 ± 1.8 %), which suggested the existence of apoptotic events unrelated to aIF activation. thus, it is highly possible that caspase and aIF pathways could coexist in preeclamptic placentas, and when activated by distinct etiological factors, both may contribute to the trophoblast apoptosis and placental dysfunction observed in preeclampsia. Compared to placentas from normal pregnancies, preeclamptic placentas displayed increased cell apoptosis, decreased syncytin-1 expression, increased calpain1, and increased aIF protein expression and nuclear translocation, in syncytiotrophoblasts as well as cytotrophoblasts. Cell counting indicated a significantly higher tUNeL positivity (c) as well as aIF positivity (d) in the preeclamptic placentas (PE) than normal placentas (Normal) (**P < 0.01) Several intriguing observations of the calpain1-aIF pathway deserve special attention. First, the calpain1 inhibitor MDL28170, but not the caspase inhibitor, was able to specifically reverse the cleavage (Fig. 6e) and nuclear translocation of aIF (Fig. 6c, d) , as well as the cell death induced by syncytin-1 knockdown. this finding confirms the dominant role of this pathway for the syncytin-1 knockdown-triggered apoptosis. Second, previous studies of calpain1 activation were limited to the observation of its increased protein levels [41, 49] . In the current study, we determined both calpain1 mRNa and protein levels at various post-transfection time points, and found that calpain1 activation may be initiated on the mRNa level (Fig. 5) . and third, comparison of aIF mRNa and protein levels revealed a two-level control on aIF activation. On the first level, syncytin-1 knockdown is able to induce calpain1 expression, which leads to increased aIF cleavage; on the second level, syncytin-1 knockdown resulted in elevated expression of aIF. thus, syncytin-1 appears to regulate both calpain1 and aIF by transcriptional activation and/or enhancement of these factors' mRNa stability. these findings have built a foundation for future investigations on the specific mechanism by which syncytin-1 regulates calpain1 and aIF expression in trophoblasts.
the syncytium, being the interface between maternal and fetal circulation, is exposed to oxidative stress [50] and attack by the maternal immune system [6] . Indeed, cell debris as the result of trophoblast deportation is found in maternal circulation, indicating constant trophoblast death and regeneration [51] . although our in vitro studies demonstrated a protective role of syncytin-1 in cytotrophoblasts, the same function may be present in syncytiotrophoblasts. Results from this as well as previous studies indicated that the syncytium expresses the highest levels Fig. 9 Schematic illustration of how aIF-mediated trophoblast apoptosis induced by decreased levels of syncytin-1 may be involved in the pathogenesis of preeclampsia. the left side of the chart (connected with red arrows) illustrates the nonfusogenic effect of syncytin-1, which is the focus of current study. Decreased syncytin-1 levels induced by hypoxia or other preeclamptic etiological factors can upregulate the expression of calpain1 and aIF. Calpain1 cleaves aIF located on the inner membrane of mitochondria, promoting its release from mitochondria and translocation to nuclei. Within nuclei aIF binds to genomic DNa, which leads to chromatin condensation and genomic DNa fragmentation by some unknown mechanisms, resulting in cell apoptosis. Ultimately the excessive apoptosis may cause syncytium deficiency through the depletion of cytotrophoblasts. the right side of the chart (connected with blue arrows) illustrates the fusogenic activity of syncytin-1. By this classic pathway, decreased levels of syncytin-1 would affect the formation of syncytiotrophoblasts, which may also lead to the syncytium deficiency. Syncytium deficiency, as manifested by the disruption of placental barrier, endocrine, and fetal-maternal exchange, functions, may contribute to the development of preeclampsia 1 3 of syncytin-1 (Fig. 8b) [52] . It has been found that cell fusion induced by ectopic expression of various viral envelope proteins quickly leads to cell death [53, 54] . In fact, the cell killing effect by viral fusogenic proteins has been explored as a gene therapy modality for cancer treatment. From this point of view, syncytiotrophoblasts need a protective mechanism to counteract the adverse effects of cell fusion. Syncytin-1, through its high expression in syncytiotrophoblasts, may meet this need by serving as a guardian during and after cell fusion. thus, syncytin-1 qualifies as a dual function protein to mediate cell fusion and protect cells from apoptosis. this hypothesis concerning the fusogenic and nonfusogenic functions of syncytin-1 is supported by recent findings in primary trophoblast cultures. Lee et al. [22] observed that trophoblasts isolated from preeclamptic placentas are deficient in cell fusion, presumably secondary to decreased expression of syncytin-1. Most interestingly, these cells also showed a higher tendency for apoptosis than those isolated from normal placentas. the nonfusogenic functions of syncytin-1 revealed in the current study have offered a plausible explanation for this phenomenon.
the syncytium of preeclamptic placentas exhibits recessive morphological changes including discontinuation, prominent vacuoles, and bulbous structures [19] . Since syncytium has endocrine functions, the lower levels of hCS observed in the maternal circulation of preeclamptic patients may be attributed to syncytium deficiency [55] . these changes are accompanied by increased apoptotic activities in syncytiotrophoblast, as well as elevated syncytium deportation from preeclamptic placentas to maternal circulation [14, 56] . While hypoxia secondary to immature vasculature of spiral arteries is considered a culprit for preeclampsia, the cellular and molecular events involved in the development of preeclampsia are not clear [48] . term placentas associated with preeclampsia express lower levels of syncytin-1 compared to placentas from normal pregnancy [22] . Independent in vitro studies using either the BeWo cell line or trophoblast primary culture have shown that hypoxia inhibited syncytin-1 expression [23, 57] . Our data confirm the decreased syncytin-1 expression in preeclamptic placentas on both mRNa and protein levels. Comparison between placentas from normal and preeclamptic pregnancies indicated that the decreased levels of syncytin-1 is correlated with increased aIF mRNa levels as well as increased aIF-positive trophoblasts in preeclamptic placentas, either by groups or by individual patients. Furthermore, immunohistochemistry and tUNeL analysis demonstrated increased calpain1 and aIF proteins and apoptotic cells in preeclamptic placentas (Fig. 8) . these data from clinical samples have provided circumstantial evidence in support of the in vivo significance of syncytin-1 in maintenance of the syncytium integrity. the major findings of this study and their clinical implications are summarized in Fig. 9 . the decreased levels of syncytin-1, potentially caused by etiological factors for preeclampsia such as hypoxia, may lead to syncytium deficiency via triggering cell apoptosis through the nonfusogenic pathway. at the same time, through the fusogenic pathway, decreased syncytin-1 will affect the formation of syncytiotrophoblasts, which may also contribute to syncytium deficiency. taken together, our findings have implicated the syncytin-1-triggered, calpain1-aIF-mediated apoptosis in the pathogenesis of preeclampsia. Further mechanistic studies along this line can be performed for a better understanding of the development of preeclampsia.
